Cilia on the ventral side of the mouse node have been implicated in initiating the left-right axis during embryonic development, but how cilia relate to other factors in the left-right pathway and the mechanism by which cilia convey patterning information remain uncertain. In vertebrates, many organs are precisely oriented with respect to the left-right axis. The heart and stomach, for example, are normally positioned to the left of the midline and the liver to the right. Although several genes that are expressed with left-right asymmetry during embryogenesis, such as lefty, pitx2 and nodal, are involved in positioning organs, the timing and identity of the event that initially breaks bilateral symmetry to give consistent left-right orientation are unclear. Recent observations in the mouse have provided evidence that genes acting upstream of these asymmetrically expressed genes are necessary for the function of ciliated cells within the 'node', or embryonic organizer, of gastrula stage embryos [1] [2] [3] [4] [5] . These studies, along with the observation that humans with left-right anomalies such as situs inversus often exhibit ciliary defects [6] , have led to the suggestion that rotation of nodal cilia and the resulting directional flow of extracellular fluid are critical for establishing left-right differences. The lines of evidence to support this exciting idea are, however, purely correlative.
In vertebrates, many organs are precisely oriented with respect to the left-right axis. The heart and stomach, for example, are normally positioned to the left of the midline and the liver to the right. Although several genes that are expressed with left-right asymmetry during embryogenesis, such as lefty, pitx2 and nodal, are involved in positioning organs, the timing and identity of the event that initially breaks bilateral symmetry to give consistent left-right orientation are unclear. Recent observations in the mouse have provided evidence that genes acting upstream of these asymmetrically expressed genes are necessary for the function of ciliated cells within the 'node', or embryonic organizer, of gastrula stage embryos [1] [2] [3] [4] [5] . These studies, along with the observation that humans with left-right anomalies such as situs inversus often exhibit ciliary defects [6] , have led to the suggestion that rotation of nodal cilia and the resulting directional flow of extracellular fluid are critical for establishing left-right differences. The lines of evidence to support this exciting idea are, however, purely correlative.
Elegant and technically challenging experiments have shown that monocilia in neurula-stage mouse nodes produce an overall leftward flow of extracellular fluid [1] . Interestingly, the genes important for generating this nodal flow encode the microtubule-associated motor proteins kinesin and dynein. The KIF3 kinesin complex is a plus-end-directed microtubule motor which participates in transporting materials for the growth of cilia as well as in intracellular positioning of organelles (referenced in [1] ). Targeted mutations in the kinesins KIF3B [1] or KIF3A [3, 5] result in mice that lack both nodal cilia and nodal flow, and have randomized heart orientation. The KIF3 proteins are required for many developmental processes, as is evident by the wide range of embryonic defects in the mutants. It is formally possible that these pleiotropic defects are the proximal cause of left-right anomalies. For example, midline deformities -notochord or neural tube defects -such as those seen in kif3 mutants are known to cause left-right defects in other organisms [7] .
Regardless, the kif3 mutants demonstrate a role for kinesins in left-right patterning and there is a correlation between nodal cilia function and left-right development.
A further correlation was seen with the gene encoding 'left-right' dynein, lrd, which is spontaneously mutated in inversus viscerum (lrd iv ) mice and expressed in the node [4] . Dyneins are minus-end-directed microtubule motors found both in the cytoplasm, where they position organelles, and in axonemes, where they create force needed for ciliary and flagellar movement. Left-right dynein is closely related to the axonemal dyneins. Mice homozygous for a targeted deletion of the ATP-binding domain of left-right dynein have immotile nodal cilia and laterality defects. Some of these lrd ∆P1 mutants (15 of 31) display normal laterality, others (12 of 31) have complete reversal of the left-right axis, and a few (4 of 31) have heterotaxia and/or isomerism [4] . In agreement with the findings with lrd ∆P1 mutants, lrd iv mice have randomized left-right asymmetry -half of the homozygotes display normal situs, half have situs inversus [8] -immotile nodal cilia and no nodal flow [2] . The observation that lrd mutants have left-right abnormalities in the absence of other apparent morphological abnormalities strengthens the conclusion that nodal cilia and nodal flow are directly involved in left-right patterning.
Another mouse mutant with left-right asymmetry defects, inversion of embryonic turning (inv), has been examined for nodal cilia defects. The inv gene encodes an intracellular protein with carboxy-terminal ankyrin repeats and is ubiquitously expressed in early mouse embryos (referenced in [2] ). In contrast to the randomization of the left-right orientation seen in lrd and kif3 mutant mice, in inv homozygotes the left-right axis is completely reversed. It was therefore a reasonable prediction that the direction of nodal flow in inv nodes would be opposite of wild-type. But, surprisingly, the inv mutant mice turn out to have normal ciliary movement and structure, with overall nodal flow to the left [2] .
Despite their apparently wild-type ciliary function, for a limited number of inv homozygous embryos at least a twofold increase was observed in the time it took for some tracer beads to cross to the left side of the node, as compared to wild-type embryos at similar stages. The abnormal nodal shapes seen in some (18 of 24) inv homozygotes does not appear to be the cause of slower nodal flow; identical shapes are found in some (18 of 30) inv/+ heterozygotes and also in some (4 of 10) rescued homozygotes that have normal left-right development. Okada et al. [2] found comparable slow and turbulent nodal flow in younger (mid-neural plate stage) wild-type embryos, suggesting that the inv mutant mice may experience a developmental delay.
It has been suggested that mutations of kif3A, kif3B and lrd all disturb left-right specification by loss of nodal flow. One would expect that, if these mutations act at an identical step at the beginning of the left-right pathway, then they would modify proximal downstream gene expression in similar ways. A limited analysis indicates, however, that downstream gene expression patterns are distinct in these laterality mutants (Table 1) . For example, the kif3A and lrd mutants both lack nodal flow, but downstream gene expression patterns are predominantly bilateral in kif3A mutants [3, 5] and randomized in lrd iv mutants [9, [11] [12] [13] . These data argue that mutations affecting nodal flow may alter the left-right pathway in different ways. On the other hand, lefty-2, pitx2 and nodal expression might be several steps downstream from nodal flow and pleiotropic perturbations of intervening steps might explain the apparent distinctions.
If nodal flow is an essential step in the left-right pathway, what is the mechanism by which extracellular nodal flow is translated into intracellular left-right axis information? Could subtle alterations in this mechanism account for discrepancies among the mutants? It has been hypothesized that nodal flow breaks left-right symmetry by moving soluble proteins to surrounding cells [1, 2, 4] . A model formulated by Nonaka et al. [1] and Okada et al. [2] postulates that a secreted left-side determinant 'X' is released into the node and swept to the left side (Figure 1a) . Once on the left side, X binds to a receptor, thereby activating downstream left-sided determinants such as lefty-2. When flow is disrupted in lrd and kif3 mutants, X diffuses randomly through the node. In this case, the receptors for X, which are presumably expressed uniformly across the node, could be activated on both sides of the node, or randomly on one side or the other, or not at all, depending upon the amount of X generated and the diffusion properties of X relative to the response threshold of the receptor. Nevertheless, this model does not explain why these mutants, which all have disrupted nodal flow, show different downstream gene expression patterns.
This model assumes that nodal flow is the first step in left-right patterning, but other roles for nodal cilia are equally plausible. One possibility is that nodal cilia act to convey, magnify or maintain a pre-existing asymmetry. No signal upstream of the node has been identified in the mouse, but experiments in both frog and chick suggest that tissues lateral to the node exhibit asymmetries early in gastrulation [10] . In contrast, nodal flow is not observed until late in mouse gastrulation. An upstream signal could, for example, lead to secretion of a morphogen on the left side that is maintained on the left side (Figure 1b) .
A second possibility is that nodal cilia and flow are not at all important for left-right development. Defects in nodal cilia may merely serve as flags for other microtubule associated problems inside of the nodal cells (Figure 1c) . The KIF3B protein has been localized to monocilia, but also to vesicles within node cells [1] . Because of its sequence relationship to axonemal dyneins, left-right dynein is thought to function exclusively in cilia, but a cytoplasmic function for this motor protein has not been eliminated [4] . Perhaps some other cytoplasmic function of motor proteins, such as in vesicular transport, participates in establishing left-right asymmetries.
While it is important to consider these alternatives to the model postulated by Nonaka, Okada and colleagues, none of the models provides a satisfying explanation for the variety of phenotypes in laterality mutants. Experimental alterations of nodal flow, identification of factor X and genes immediately downstream, and a more extensive analysis of surrounding asymmetric events might help to elucidate the mechanisms of left-right axis initiation. Moreover, comparison of molecules and structures involved in left-right patterning in different species will allow us to discern whether nodal flow is an important developmental process from an evolutionary standpoint.
